INTRODUCTION {#sec1}
============

Bunyaviruses constitute a diverse group of predominantly arthropod-vectored viruses of medical and agricultural importance with global distribution ([@B1]). Rift Valley fever virus (RVFV) is a particularly important bunyavirus due to its capacity to cause severe disease in humans, including retinal vasculitis, encephalitis, and fatal hepatitis with hemorrhagic fever, as well as lethal disease in economically valuable livestock species ([@B2]). Although currently endemic to the African continent and the Arabian Peninsula, there is a growing concern for the spread of RVFV into geographic locations outside regions where it is endemic ([@B3]). RVFV is also an agent of biodefense and agro-terrorism concern with the potential to cause social disruption requiring public health preparedness. For this reason, RVFV is classified as a category A priority pathogen by the National Institute of Allergy and Infectious Diseases, a high-consequence pathogen by the World Organization for Animal Health, and the third most dangerous animal threat by the United States Department of Agriculture Animal and Plant Health Inspection Service after avian influenza and foot-and-mouth disease. Currently, there are no FDA-approved therapies in the United States for use against RVFV or other pathogenic bunyaviruses. Lack of countermeasures against pathogenic bunyaviruses is partially due to gaps in knowledge of fundamental infection mechanisms and interactions between bunyaviruses and their host cells.

RVFV is an arthropod-borne virus that belongs to the Phlebovirus genus of the Bunyaviridae family. It is a spherical enveloped virus with three single-stranded RNA segments (L, M, and S segments) of negative or ambisense polarity that are encapsidated by the viral nucleocapsid (N) to form the ribonucleocapsid (RNP). The L segment encodes the viral RNA-dependent RNA polymerase (RdRp), which is packaged with the viral RNA genome in the virus particle. The M segment encodes two structural glycoproteins, Gn and Gc, and two nonstructural proteins, NSm1 and NSm2. The S segment is ambisense; it encodes the structural nucleoprotein N in the antisense orientation and encodes the nonstructural protein NSs in the sense orientation. RVFV NSs plays an important role in RVFV pathogenesis as it interferes with the cellular antiviral immune response by inhibiting host transcription, including synthesis of alpha/beta interferon mRNAs, and promoting degradation of the double-stranded RNA-dependent protein kinase (PKR) and TFIIH p62 ([@B5][@B6][@B10]).

The RVFV virions bind to cells and enter via pH-dependent caveola-mediated endocytosis ([@B11]). After viral uncoating, the viral RNP is released into the cytoplasm, where primary transcription occurs. Primary transcription of bunyaviral mRNA is primed by host-derived mRNA methylated cap structures that are obtained by a cap-snatching mechanism similar to that used by influenza A virus. Bunyaviral cap snatching involves two viral proteins: the N protein, which recognizes the 5′ cap and 10 to 18 nucleotides of cellular mRNAs, and the RdRp, which cleaves this fragment of mRNA and uses it to prime viral mRNA synthesis ([@B12], [@B13]). The 5′ cap on viral mRNA not only primes viral transcription but also protects the viral mRNA from host-mediated degradation and recruits host ribosomes for translation. Subversion of the host cell translation machinery and subsequent translation of these viral transcripts provide the protein products necessary for viral replication of the genome and further mRNA synthesis (secondary transcription).

Because viruses are obligate intracellular pathogens that rely on host cell machinery and pathways to complete their infection cycles, key cell signaling pathways regulating proliferation and differentiation responses are often prime targets of virus interaction and manipulation. A greater understanding of these interactions and how they relate to viral replication is necessary for development of effective targeted antiviral therapeutics. Genome-wide RNA interference (RNAi) screening is a powerful tool for functional genomics with the capacity to systematically perturb cellular pathways and comprehensively analyze host-pathogen interactions. Genome-wide RNAi screening has uncovered several previously uncharacterized cellular host factors involved in the infection of human immunodeficiency virus (HIV), West Nile virus, and influenza A virus ([@B14][@B15][@B16]). More recently, RNAi screening against the bunyaviruses Uukuniemi virus and RVFV has revealed roles for host proteins VAMP3 and the decapping enzyme Dcp2, respectively, during bunyavirus infection ([@B12], [@B17]). However, a large-scale RNAi screen against RVFV in human cells has yet to be described. To identify cellular factors required for RVFV infection in humans, we completed a genome-wide small interfering RNA (siRNA)-based screen, silencing ∼22,909 human genes in HeLa cells, and identified 381 genes whose knockdown reduced RVFV infection. After these 381 gene hits were grouped into functional clusters along cellular pathways, the Wnt signaling pathway was the most represented.

The Wnt/β-catenin pathway, or canonical Wnt pathway, is an evolutionarily conserved signaling cascade that involves activation of the transcriptional coactivator β-catenin ([@B18]). The Wnt/β-catenin signaling pathway is implicated in major physiologic cellular functions, such as proliferation, differentiation, and maintenance of pluripotency, while perturbations in this signaling cascade are associated with multiple types of cancer ([@B19]). The canonical pathway is best described in the OFF and ON state. In the OFF state, or in the absence of extracellular Wnt ligands, cytoplasmic β-catenin is sequentially phosphorylated by the β-catenin destruction complex (DC) composed of casein kinase 1a (CK1), glycogen synthase kinase 3 (GSK-3), the scaffold protein axin, and the tumor suppressor adenomatous polyposis coli (APC). Phosphorylated β-catenin is then targeted for ubiquitination and proteasomal degradation. In the ON state, Wnt ligands bind to the Frizzed (FZD) receptor, resulting in recruitment of the coreceptor low-density lipoprotein receptor-related protein 5 or 6 (LRP5 or -6, respectively), which is phosphorylated on its cytoplasmic tail, promoting the binding and polymerization of Disheveled protein (Dvl) and sequestration of axin. This inactivates the DC, resulting in accumulation of β-catenin in the cytoplasm and translocation to the nucleus. In the nucleus, β-catenin promotes transcription of genes related to proliferation and survival by acting as a coactivator for the T cell factor/lymphoid enhancer factor (TCF/LEF) family of transcription factors ([@B18][@B19][@B22]). Due to the importance of the Wnt/β-catenin pathway in diseases such as cancer, several preclinical therapeutic agents specifically targeting the Wnt pathway have been described, and some have recently entered clinical trials ([@B20], [@B23]).

The Wnt pathway has been a reported target of a variety of viruses, including human cytomegalovirus (HCMV) ([@B24]), hepatitis B virus (HBV) ([@B25], [@B26]), hepatitis C virus (HCV) ([@B27]), HIV ([@B28]), Epstein-Barr virus (EBV) and Kaposi\'s sarcoma--associated herpesvirus (KSHV) ([@B29]). HBV and HCV proteins activate Wnt signaling, and overactivation of Wnt signaling may contribute to hepatocellular carcinogenesis in chronic HBV/HCV infections ([@B30], [@B31]). The findings that pathogenic viruses manipulate the Wnt pathway for productive infection, together with the progress in the development of Wnt inhibitors for cancer treatments, suggest a new avenue for targeting these viruses by designing therapeutics that are host directed. This approach is illustrated in a recent study which showed that Wnt inhibitors can effectively block HCMV replication ([@B32]).

In this study, we validated the role of canonical Wnt signaling in RVFV infection using a number of different assays. We demonstrate activation of Wnt signaling by RVFV infection, enhancement of RVFV infection in cells prestimulated with Wnt ligands, and inhibition of RVFV infection using perturbations of Wnt signaling components at or downstream of the DC. We show similar results using wild-type RVFV and the distantly related bunyaviruses La Crosse virus (LCV) and California encephalitis virus (CEV), which indicates a conserved bunyaviral replication mechanism involving Wnt signaling. In the context of current literature, we postulate that bunyaviruses activate Wnt-responsive genes to regulate optimal cell cycle conditions for efficient viral replication ([@B12], [@B13]). We anticipate that this new understanding of the fundamental mechanisms of bunyavirus infection will aid in the design of efficacious broad-spectrum host-directed antiviral therapeutics.

MATERIALS AND METHODS {#sec2}
=====================

Cells, viruses, and reagents. {#sec2-1}
-----------------------------

All cell lines were maintained in culture medium supplemented with 10% fetal bovine serum (FBS), 100 μg/ml penicillin, and 100 U/ml streptomycin (Life Technologies) at 37°C under 5% CO~2~. HeLa (human cervix carcinoma), 293T (human embryonic kidney), and A549 (human lung epithelial) cells were cultured in Dulbecco\'s modified Eagle\'s medium; Vero (African green monkey kidney) cells were cultured in minimum essential medium alpha. Primary human hepatocytes were obtained from ScienCell Research Laboratories and cultured using hepatocyte medium according to the company\'s instructions.

Wild-type Rift Valley fever virus strain ZH-501; NR-37378 (wild-type RVFV); recombinant vaccinia virus expressing green fluorescent protein (GFP), derived from the Western Reserve strain NR-624 (VacV) ([@B33]); La Crosse virus NR-540 (LCV); and California encephalitis virus strains BFS-283 and NR-89 (CEV) were obtained through the NIH Biodefense and Emerging Infections Research Resources Repository, NIAID, NIH. The recombinant RVFV vaccine strain MP12 generated to carry a green fluorescent protein (GFP) gene (RVFV MP12-GFP) in place of the NSs gene has been described previously ([@B34]). Authentic nonrecombinant RVFV strain MP12 was obtained from C. J. Peters (University of Texas Medical Branch). The recombinant vesicular stomatitis virus expressing GFP (VSV), derived from the Indiana serotype 1 strain ([@B35]), was a gift from Adolfo Garcia-Sastre (Mount Sinai School of Medicine). Studies using RVFV ZH-501 were conducted under biosafety level 3 containment using established standard operating procedures. Wild-type RVFV, RVFV MP12, RVFV MP12-GFP, LCV, CEV and VSV-GFP were propagated in Vero cells, while VacV-GFP was grown in BSC-40 cells. The viral titers for wild-type RVFV, RVFV MP12, RVFV MP12-GFP, VSV-GFP, CEV, and LCV were quantified in Vero cells by using a standard plaque assay consisting of an agarose overlay with crystal violet staining. VacV-GFP PFU were obtained by dilution of the virus and infection of BSC-40 cells without an agarose overlay ([@B11]). For real-time quantitative reverse transcription-PCR (qRT-PCR), RVFV MP12 and RVFV MP12-GFP stocks were first purified over a 20% sucrose cushion through ultracentrifugation.

Recombinant DKK-1, WIF-1, and purified Wnt3A (R&D Systems) were reconstituted in phosphate-buffered saline (PBS) containing 0.1% bovine serum albumin (BSA). All other inhibitors were from EMD Millipore and were initially resuspended in dimethyl sulfoxide (DMSO) followed by dilution in complete medium to obtain the final concentrations indicated. As a control for the DMSO-based inhibitors, cells were incubated with 50 μM DMSO alone, representing the highest concentration of DMSO used. Unless otherwise indicated, all experimental conditions were performed in triplicate, three or more times.

High-throughput siRNA screening. {#sec2-2}
--------------------------------

The primary screen was performed using the Qiagen human whole-genome set, the Agilent V11 Bravo automated liquid handler (Agilent Technologies), and the Multidrop Combi (Thermo Scientific). Pooled siRNAs (4 per target, 50 nM final concentration) were complexed with Lipofectamine RNAiMAX (catalog number 13778500; 0.1 μl/well in 0.5 μl Opti-MEM; Life Technologies). After 20 min, HeLa cells (3,000 cells/well) were added to each well. Cells were infected with RVFV MP12-GFP at a multiplicity of infection (MOI) of 1 at 48 h posttransfection (hpt) for 3 h; then, the cells were washed with PBS and were incubated in complete medium overnight. At 24 h postinfection (hpi), alamarBlue (AB) and GFP fluorescence were measured to calculate normalized infection values as previously described ([@B11]). In all of our assays, we used a fluorescence-based readout of AB which has been demonstrated to be highly sensitive (as few as 50 cells in a 96-well plate can be detected with relatively short incubations) and linear with a signal that is proportional to cell number. To verify manufacturer claims, cell titration experiments with the AB reagent were performed during screen optimization and a linear increase in signal with increasing concentrations of seeded cells in 384- and 96-well plates was demonstrated. For every plate in the initial screen, secondary screen, and follow-up analysis, AB cell viability tests were performed. Any siRNA-containing wells that demonstrated toxicity (1.25× reduction in 560 nm excitation and 590 nm emission(Ex:560nm/Em:590nm) fluorescence compared to wells without siRNA) were removed/eliminated from the hit list and not included in the presented analysis. Sample means and standard deviations (SDs) of negative controls were calculated plate-wise and used to set a Z-score threshold value of −3. To be considered a hit, each replicate needed to be 3 SDs from the mean.

Secondary screen and final hit selection. {#sec2-3}
-----------------------------------------

To test the hits identified from the primary screen, the siRNA hits from the master plates were picked and spotted on 3 new daughter plates using the Beckman-Coulter BioMek NX with Span-8, and the screen was performed at Sandia National Laboratories using the Bio-Tek EL406 microplate washer and dispenser using the reverse transfection, infection, and analysis assays described above.

Final hit selection data analysis. {#sec2-4}
----------------------------------

Final hit selection was based on a uniformly minimal variance unbiased estimate (UMVUE) of strictly standardized mean differences (SSMD) using the paired method formula,$\frac{\Gamma(\frac{n\, - \, 1}{2})}{\Gamma(\frac{n\, - \, 2}{2})}\sqrt{\frac{2}{n\, - \, 1}\,}\frac{\overline{d_{i}}}{s_{i}}$, where *n* is the number of replicates, *d~i~* is the sample mean, and *s~i~* is the SD for the *i*th siRNA. A meaningful and interpretable SSMD-based criterion for classifying the size of siRNA effects is as follows: \|SSMD\| ≥ 5 for extremely strong, 5 \> \|SSMD\| ≥ 3 for very strong, 3 \> \|SSMD\| ≥ 2 for strong, 2 \> \|SSMD\| ≥ 1.645 for fairly strong, 1.645 \> \|SSMD\| ≥ 1.28 for moderate, 1.28 \> \|SSMD\| ≥ 1 for fairly moderate, 1 \> \|SSMD\| ≥ 0.75 for fairly weak, 0.75 \> \|SSMD\| ≥ 0.5 for weak, 0.5 \> \|SSMD\| ≥ 0.25 for very weak, and \|SSMD\| \> 0.25 for extremely weak effects ([@B36]). Therefore, a threshold of −1.30 was set as a cutoff value to identify moderate to extremely strong siRNA hits that reduced RVFV MP12-GFP infection.

β-Catenin siRNA treatment. {#sec2-5}
--------------------------

Silencer select siRNAs (catalog number AM16708) targeting the β-catenin gene (Life Technologies) and scrambled control siRNA (AllStars negative-control siRNA; Qiagen) were transfected into HeLa or 293T cells using Lipofectamine RNAiMAX. At 60 hpt, cells were infected with indicated viruses (MOI of 1) for 3 h, followed by a PBS wash and incubation in complete medium overnight. AB and GFP fluorescence signals were then measured to calculate normalized infection values.

Western blot analysis. {#sec2-6}
----------------------

Samples were lysed and analyzed by Western blotting as previously described ([@B11]). Primary antibody for β-catenin knockdown experiments was rabbit polyclonal anti-β-catenin (H-102; Santa Cruz Biotechnology). Primary antibody to measure levels of β-catenin activation was non-phospho (active) β-catenin (Ser33/37/Thr41) (D13A1) rabbit monoclonal antibody (Cell Signaling). All blots were reprobed with rabbit antiactin polyclonal antibody (Novus). The relative reduction index (RI) was calculated as the quotient of the densitometry signal for the target protein band divided by that for actin, which was then normalized by the ratio obtained with scrambled siRNA or no-ligand controls (considered to be 1).

β-Catenin transcriptional reporter assay. {#sec2-7}
-----------------------------------------

TOPflash (TF; TCF/LEF-1 reporter plasmid) or FOPFlash (contains mutated TCF/LEF-1 binding sites) was cotransfected with pcDNA3.1-GFP or pcDNA3.1-mKate (used with GFP-expressing viruses; Thermo Fisher Scientific) to serve as an internal transfection control and control for effects on overall gene expression, using TransIT-LT1 transfection reagent (Mirus Bio) according to the manufacturer\'s protocol. Luciferase activity was assayed using the Bright-Glo luciferase reporter assay kit (Promega, Madison, WI) according to the manufacturer\'s protocol. Intensity is shown as relative light units (RLU). Cells were treated with Wnt3A or indicated virus 18 hpt. For cells cotransfected with TOPflash/pcDNA3.1-GFP/mKate and treated with 100 ng/ml Wnt3A or indicated virus concentrations, the luciferase activity measured was normalized to the GFP (Ex:488nm/Em:510nm) or mKate (Ex:588nm/Em:633nm) expression signal. Fold activation was calculated by dividing the relative luciferase activity of treated/infected cells by that of untreated cells. The relative percentage of luciferase activity was determined by subtracting the uninfected/unstimulated cells as background and taking the no-inhibitor (NI)/DMSO condition and infected/Wnt3A-stimulated samples as 100%. For TOPflash-expressing 293T cells treated with inhibitors, all conditions included treatment of cells with each inhibitor concentration as indicated, prior to and during treatment with Wnt3A, with no virus (mock infection), and with indicated viruses. Inhibitors had no effect on luciferase activity in the mock-infected wells, and the luciferase activity from these wells was subtracted as background.

Quantitative real-time RT-PCR. {#sec2-8}
------------------------------

Total RNA was isolated and purified with the ZR RNA MiniPrep extraction kit (Zymo Research), and cDNA was made using the SuperScript VILO cDNA synthesis kit (Life Technologies). The primer and probe sets and TaqMan Gene Expression master mix were purchased from Applied Biosystems, and gene expression measurements were analyzed on a Bio-Rad CFX96 real-time PCR machine. Each experimental condition was run in triplicate, and the relative amount of target gene mRNA was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA.

Infection assays in Wnt ligand-stimulated cells. {#sec2-9}
------------------------------------------------

Cells were incubated in medium alone or at increasing concentrations of Wnt3A for 20 h and then treated for 3 h with virus. Cells were then washed with PBS and incubated in complete medium at 37°C for 14 to 16 h. AB and GFP fluorescence signals were then measured to calculate normalized infection values. Levels of virus infection enhancement were measured by fold changes between Wnt-stimulated/infected conditions and unstimulated/infected controls. These experiments were performed in triplicate for each cell type 3 or more times. For pretreatment of HeLa cells with Wnt3A prior to infection with wild-type RVFV, HeLa cells were untreated or treated with 50 ng/ml of Wnt3A for 20 h prior to and during 36 h of mock infection or infection with wild-type RVFV (MOI of 0.1). After 36 h, supernatants were collected and virus titers were quantified by a standard plaque assay on Vero cells.

Inhibitor treatment, time-of-addition experiments, plaque assays, and flow cytometry. {#sec2-10}
-------------------------------------------------------------------------------------

For most experiments, cells were incubated with medium alone (no inhibitor \[NI\]), DMSO, or individual inhibitors for 1 h prior to and during incubation with viruses or Wnt3A. If infection continued overnight, virus was removed, cells were washed with PBS, and inhibitors were added back in complete medium for 16 h before relative percent infection was measured. For time-of-addition experiments, pretreatment samples were incubated with indicated concentrations of inhibitors for 1 h prior to and during 3 h of infection. Virus and inhibitors were then removed by washing once with PBS, and cells were incubated in compete medium alone overnight (no inhibitor added back). Alternatively, untreated cells were incubated with virus for 1 h, washed with PBS to remove unbound virus, and then incubated with inhibitors in complete medium for 16 h before relative percent infection was measured. To measure viral titers of wild-type RVFV, RVFV MP12, CEV, and LCV, supernatants were removed at the indicated times postinfection and titers were determined by a standard plaque assay on Vero cells. For flow cytometry experiments, 293T cells were incubated with indicated concentrations of inhibitors for 1 h prior to and during the 16-h infection with virus (MOI of 3). Viral antigens were detected by immunofluorescence as previously described ([@B11]). For RVFV MP12-infected samples, anti-RVFV mouse polyclonal antibody (provided by Robert Tesh \[UTMB\]) was used as the primary antibody and Alexa Fluor 488 goat anti-mouse IgG (Invitrogen) was used as a secondary antibody. Cells were analyzed using an Accuri C6 flow cytometer with FCS Express software (De Novo Software). Cells were counted as infected if their FL-1 fluorescence was greater than that of the untreated or DMSO-treated, uninfected cells (see [Fig. 4G](#F4){ref-type="fig"}, red histograms). The quantity of cells infected is given as percent cells infected. The average (± standard deviation) from four independent experiments is shown. Uninfected cells were similarly probed with primary and secondary antibody to control for any nonspecific binding.

Statistical analysis. {#sec2-11}
---------------------

Raw data for infection assays measured by GFP fluorescence were compared using a two-tailed *t* test for each individual experiment. Values obtained with inhibitors suspended in DMSO were compared to DMSO-treated samples, and values obtained with inhibitors suspended in water were compared to infected, untreated samples. For siRNA-treated samples, values obtained from wells transfected with indicated siRNA constructs were compared to values obtained with wells transfected with scrambled siRNA on the same plate. For plate assays, untreated and DMSO-treated controls, or scrambled siRNA and GFP siRNA, were included on every plate, with no virus, RVFV MP12-GFP, VacV, and VSV. Inhibitor-treated or siRNA-transfected cells that were infected with wild-type RVFV, RVFV MP12, or RVFV MP12-GFP were compared to control samples infected with the same virus, as was the case for VacV and VSV. For qRT-PCR, the threshold cycle (*C~T~*) values obtained with virus-infected samples were compared to *C~T~* values of mock-infected samples using a two-tailed *t* test for each individual experiment. *P* values were considered significant when they were \<0.05 (\*) and very significant when they were \<0.01 (\*\*), \<0.001 (\*\*\*), or \<0.0001 (\*\*\*\*). The *P* values shown in the figures and text were based on the highest *P* values obtained from three independent experiments.

RESULTS {#sec3}
=======

Genome-wide RNAi screening reveals a role for Wnt/β-catenin signaling in RVFV infection. {#sec3-1}
----------------------------------------------------------------------------------------

To identify novel cellular factors involved in RVFV infection, we conducted a comprehensive high-throughput screen using genome-wide RNAi. The screen was performed in HeLa cells by targeting human genes with pools of four different siRNAs against each gene. To easily characterize the percentage of cells infected in a population, we used the recombinant GFP reporter virus of the attenuated RVFV strain MP12 (RVFV MP12-GFP) for the screen ([@B11], [@B34]). The GFP gene in the RVFV MP12-GFP reporter virus replaced the nonstructural protein NSs, and GFP expression serves as a sensitive readout of viral infection ([@B34], [@B37]). The RNAi screen was carried out as illustrated in [Fig. 1A](#F1){ref-type="fig"} and detailed in Materials and Methods. We designed a screening method in which we seeded HeLa cells into 384-well plates, reverse transfected the cells with siRNA in triplicate for 2 days, and then infected the cells with RVFV MP12-GFP at an MOI of 1. One day later, the cells were analyzed with a quantitative cell viability reagent (alamarBlue \[AB\]) and then were lysed and assayed for GFP expression as a marker of virus replication ([@B37]). GFP signals were normalized to cell number values, and control experiments were set to 100% infection. For this primary screen, hit selection was based on Z-score statistics; this method was used because the large number of siRNAs typically produces a frequency distribution with an approximate Gaussian curve, albeit with a slight skew ([@B38]). Using a Z-score threshold set at −3, or 3 standard deviations (SDs) from the mean, we restricted our genes of interest to only those that decreased RVFV MP12-GFP infection and identified 2,053 gene targets.

![Genome-wide RNAi screening identifies a role for Wnt/β-catenin signaling in RVFV infection. (A) Schematic of the RNAi screen. (B) Hit selection was based on strictly standardized mean difference (SSMD) statistics. The SSMD threshold was set to −1.30, which accounted for 381 gene hits that reduced infection upon their knockdown. (C) The 381-gene hit list was analyzed through a bioinformatics online resource termed Panther, and 89 of those genes were clustered into one of 56 cellular pathways represented by pie sections in the chart. Nine percent of the 89 genes clustered to the Wnt signaling pathway (red). (D) The RNAi screening hit list was also subjected to STRING bioinformatics, a search tool for retrieval of interacting genes/proteins from a database of known and predicted protein interactions and networks. Cytoscape data visualization software was used to display STRING results. Proteins without interactions and the ubiquitin C node were removed and not shown in the radial graph. Wnt signaling genes/proteins and interactions identified by these bioinformatics tools are highlighted in red or in red and yellow.](zjv9991818220001){#F1}

To validate the primary hits, the 2,053 siRNAs were replated and rescreened using the same transfection and infection protocol described above. Hit selection for the secondary screen was based on strictly standardized mean differences (SSMD), which minimizes the rates of false discovery and false nondiscovery in siRNA-based screens and is calculated based on controls and replicates rather than a large sample size needed for Z-score statistics ([@B36]). A SSMD score was calculated for each gene in the secondary screen using the means of the replicates after prior normalization using plate means. The threshold was set to −1.30, which resulted in 381 gene hits that reduced infection upon their knockdown ([Fig. 1B](#F1){ref-type="fig"}). The final hit list is shown in Table S1 in the supplemental material.

To extract information regarding critical processes in infection, we performed bioinformatics analysis on the hit list. Final hits were functionally clustered using the Panther pathway classification system ([@B39]). Using this method, 89 of the total 381 genes were grouped into 56 separate pathways (see Table S1 in the supplemental material, Panther worksheet), and the Wnt signaling pathway was the most represented pathway with 9% (8 of 89) of the genes ([Fig. 1C](#F1){ref-type="fig"}). A second bioinformatics analysis was performed using DAVID, a public database that assigns hit lists to 'functional annotation clusters' or sets of proteins that share common annotations ([@B40]). The top 20 annotation clusters are shown in Table S1 in the supplemental material (DAVID worksheet), and again, the Wnt pathway was among the most represented pathways in the hit list with the second best enrichment score. Last, the hit list was subjected to the protein-protein interaction database STRING, to identify proteins known or predicted to interact within the list ([@B41]). As shown in [Fig. 1D](#F1){ref-type="fig"}, among the most represented cluster of interacting proteins are those related to the Wnt pathway.

To verify the role of Wnt signaling in RVFV infection and distinguish between canonical Wnt signaling involving β-catenin and β-catenin-independent noncanonical Wnt pathways, we transfected HeLa cells with increasing concentrations of siRNA targeting β-catenin, and these cells were mock infected or infected with RVFV MP12-GFP, vaccinia virus expressing GFP (VacV), or vesicular stomatitis virus expressing GFP (VSV) at an MOI of 1. Infection with RVFV MP12-GFP was reduced in a dose-dependent manner in siRNA-transfected HeLa cells ([Fig. 2A](#F2){ref-type="fig"}) and 293T cells ([Fig. 2B](#F2){ref-type="fig"}). The decrease in RVFV MP12-GFP infection correlated with the decreased steady-state levels of β-catenin at 60 h posttransfection (hpt), as detected by immunoblotting ([Fig. 2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}). Although β-catenin was not identified as a hit in our screen, we found that the best knockdown of β-catenin was observed at 60 h, and there was very little knockdown at 48 h (when cells were infected for the screen). Accordingly, RVFV MP12-GFP infection was reduced at 60 hpt with β-catenin siRNA ([Fig. 2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}) and not at 48 hpt (data not shown). Infection of HeLa cells ([Fig. 2A](#F2){ref-type="fig"}) or 293T cells ([Fig. 2B](#F2){ref-type="fig"}) with VacV or VSV was unaffected by downregulation of β-catenin. Interestingly, each of these viruses replicates in the cell cytoplasm, and yet only RVFV MP12-GFP was inhibited by a reduction in the canonical Wnt signaling protein β-catenin, suggesting a specific role for Wnt/β-catenin signaling in RVFV infection.

![Canonical Wnt signaling plays a significant role in RVFV infection. (A and B) HeLa cells (A) or 293T cells (B) were transfected with siRNAs targeting β-catenin or 50 nM control siRNA and then infected with GFP reporter viruses (MOI of 1). The percentage of infection was determined by taking control and infected samples as 100%. Shown are the means (±SDs) for 3 independent experiments performed in triplicate (\*\*, *P* \< 0.01; \*, *P* \< 0.05). (C and D) Transfected HeLa cells (C) or 293T cells (D) were washed and lysed at 60 hpt, and whole-cell lysates were analyzed by Western blotting. The relative reduction index (RI) was measured as described in Materials and Methods. The data represent one of 3 experiments with similar results.](zjv9991818220002){#F2}

RVFV induces Wnt/β-catenin signaling, and preactivation of Wnt signaling enhances RVFV infection. {#sec3-2}
-------------------------------------------------------------------------------------------------

To further investigate the role of Wnt/β-catenin signaling in RVFV infection, the TCF/LEF luciferase (Luc) reporter construct TOPflash (TF) was used to determine whether RVFV infection induces β-catenin-dependent transcriptional activity. 293T cells were transiently transfected with TF for 18 h and subsequently infected with the nonrecombinant RVFV strain MP12 (RVFV MP12) or RVFV MP12-GFP at an MOI of 1. As a positive control, cells were also separately treated with the canonical Wnt3A ligand. The cells were then analyzed for Luc expression between 2 and 7 h postinfection (hpi) or posttreatment. It has been previously demonstrated that RVFV proteins begin to accumulate at 2 hpi and steadily increase within this measurement time frame ([@B8]). As shown in [Fig. 3A](#F3){ref-type="fig"}, RVFV MP12 and RVFV MP12-GFP induced β-catenin reporter activity to levels similar to those induced by Wnt3A stimulation at 5 hpi. The reporter activity remained elevated after 6 and 7 h of treatment with Wnt3A or infection with RVFV MP12-GFP, whereas β-catenin reporter activity peaked at 5 hpi and decreased thereafter in cells infected with RVFV MP12. Unlike RVFV MP12-GFP, RVFV MP12 contains the nonstructural protein NSs. Since NSs is known to downregulate cellular transcription, NSs is likely responsible for decreased β-catenin/TCF/LEF complex reporter activity in late stages of infection. However, activation is not dependent on NSs since RVFV MP12 and RVFV MP12-GFP (ΔNSs) infections similarly induced β-catenin-dependent transcriptional activity. RVFV MP12 and RVFV MP12-GFP infections were also shown to similarly promote β-catenin reporter activation across a range of infectious doses measured at 5 hpi ([Fig. 3B](#F3){ref-type="fig"}). In contrast to RVFV MP12 and RVFV MP12-GFP, VSV and VacV did not activate Luc expression through the TCF/LEF promoter using infectious titers equivalent to those of RVFV MP12 and RVFV MP12-GFP ([Fig. 3B](#F3){ref-type="fig"}). Therefore, RVFV seems to specifically induce Wnt signaling.

![RVFV infection induces Wnt/β-catenin signaling, and preactivation of the canonical Wnt pathway enhances RVFV replication. (A and B) 293T cells were transfected with the TCF/LEF-1 Luc reporter construct TF and pcDNA3.1-GFP or pcDNA3.1-mKate reporter plasmids. (A) At 18 hpt, cells were treated with positive-control Wnt3A (100 ng/ml) or virus (MOI of 3) for the indicated time periods. (B) At 18 hpt, cells were infected with virus at the indicated MOIs (all viruses were used at the same MOIs as determined by plaque assay). At 5 hpi, luciferase activity was measured and normalized to expression of GFP (RVFV MP12) or mKate (RVFV MP12-GFP, VacV, and VSV), and fold activation was calculated by dividing the relative luciferase activity of treated/infected cells by that of untreated cells. Data are presented as means ± SDs. (C) 293T cells were infected with RVFV at indicated MOIs, and whole-cell lysates were analyzed by Western blotting at 4.5 hpi. The top membrane was probed with activated β-catenin antibody, and the bottom membrane was probed with anti-actin antibody. Representative results are shown (*n* = 3). (D) Gene expression analysis was performed using quantitative RT-PCR for the β-catenin (*CTNNB1*), cyclin D1 (*CCND1*), *DVL1*, *LRP5*, or matrix metalloproteinase-7 (*MMP7*) gene after 20 h of treatment with 50 ng/ml Wnt3A or 4.5 h of infection with virus (MOI of 1) in A549 cells. Each experimental condition was run in triplicate, and the fold change was determined by dividing the average of the infected samples by the average of uninfected samples. (E to G) HeLa cells (E), A549 cells (F), or primary hepatocytes (G) were pretreated with indicated concentrations of Wnt3A for 20 h and then infected at an MOI of 0.1, 0.3, or 1 with RVFV MP12-GFP (blue-shaded lines) or VSV (gray-shaded lines) as described in Materials and Methods. Levels of virus infection enhancement are indicated by fold changes compared to untreated/infected controls. (H) HeLa cells were preincubated with NI or 50 ng/ml Wnt3A for 20 h followed by infection with wild-type (WT) RVFV at an MOI of 0.1. Wnt3A was also present during the infection. Supernatants were collected at 36 hpi, and viral titers were measured by plaque assay on Vero cells. Three independent experiments were performed in triplicate. Data are presented as means ± SDs (\*\*, *P* \< 0.01; \*, *P* \< 0.05).](zjv9991818220003){#F3}

Another way to measure Wnt/β-catenin activation is through the analysis of β-catenin phosphorylation ([@B4]). Again, in the OFF state of canonical Wnt signaling, CK1 phosphorylates β-catenin specifically at Ser45. This phosphorylation event primes β-catenin for subsequent phosphorylation by GSK-3 at Ser33, Ser37, and Thr41, and phosphorylated β-catenin is then targeted for ubiquitination and proteasomal degradation. In the ON state, there is a rise in the stabilized (nonphosphorylated) form of β-catenin ([@B21], [@B22]). Therefore, using an antibody designed to specifically detect nonphosphorylated sites Ser33/37/Thr41 of β-catenin, we probed 293T cell lysates after infection with RVFV MP12 at a range of infectious doses for functionally active β-catenin ([@B19], [@B21]). As shown in [Fig. 3C](#F3){ref-type="fig"}, RVFV MP12 infection of cells with an MOI of 1 or 3 for 4.5 h induced an ∼3-fold increase in levels of activated β-catenin.

Next, the expression of endogenous Wnt/β-catenin target genes was examined in RVFV MP12- or RVFV MP12-GFP-infected cells. As a control, 50 ng/ml Wnt3A was used to treat the cell cultures and induce expression of β-catenin-regulated genes. Quantitative real-time RT-PCR (qRT-PCR) analysis was used to measure the mRNA expression levels of β-catenin, cyclin D1, Dvl, LRP5, or matrix metalloproteinase-7 (MMP7) after infection with RVFV MP12 or RVFV MP12-GFP (MOI of 1) or treatment with Wnt3A in A549 cells. The GFP reporter signal from RVFV MP12-GFP was readily observed between 5 and 6 hpi in this cell type, ensuring that viral mRNA transcription and translation occurred within this measurement time frame ([@B42], [@B43]). RVFV MP12 and RVFV MP12-GFP infection led to significant upregulation of expression of all five genes compared to that in mock-infected cells ([Fig. 3D](#F3){ref-type="fig"}).

To determine if Wnt signaling positively regulates RVFV infection, we treated HeLa cells ([Fig. 3E](#F3){ref-type="fig"}) and A549 cells ([Fig. 3F](#F3){ref-type="fig"}) with increasing concentrations of Wnt3A prior to infection. In both HeLa and A549 cells, RVFV MP12-GFP viral infection was significantly enhanced compared to that with VSV when various infectious doses were used. To verify these results in the context of primary cell infection, primary hepatocytes were similarly treated with Wnt3A prior to infection with RVFV MP12-GFP or VSV. Hepatocytes are a prime *in vivo* target of RVFV infection in several animal models and in the more severe consequences of human RVFV infection that leads to fatal hepatitis with hemorrhagic fever ([@B44]). We found that stimulation of primary hepatocytes with Wnt3A induced a greater-than-4.5-fold increase in RVFV MP12-GFP (MOI of 0.3) infection, while VSV infection remained unchanged with similar concentrations and infection conditions ([Fig. 3G](#F3){ref-type="fig"}).

Finally, in order to determine whether or not preactivation of Wnt signaling would enhance infection with fully virulent wild-type RVFV, HeLa cells were pretreated with Wnt3A for 20 h prior to mock infection or infection with wild-type RVFV strain ZH-501 (MOI of 0.1), and the extent of infection was quantified by plaque assay of the supernatants collected from virus-infected cells. Wild-type RVFV infection was enhanced in Wnt3A-treated cells in comparison to untreated cells as demonstrated by a significant increase in the number of plaques ([Fig. 3H](#F3){ref-type="fig"}). All together, these results demonstrate that RVFV infection induces Wnt/β-catenin transcriptional activity and preactivation of the Wnt pathway enhances RVFV infection. The results with wild-type RVFV and RVFV MP12 parallel those seen with RVFV MP12-GFP (ΔNSs), further strengthening the case for NSs-independent activation of the Wnt signaling pathway.

Inhibitors of Wnt/β-catenin signaling downstream of membrane receptor complex block RVFV infection at a postentry step. {#sec3-3}
-----------------------------------------------------------------------------------------------------------------------

Wnt/β-catenin is a major signaling pathway with significant implications in a broad range of diseases, including degenerative diseases, metabolic diseases, and cancer. As such, the Wnt/β-catenin signaling pathway has been a prime target for pharmacological research and development. Multiple antagonists and small-molecule inhibitors that block at various points along the Wnt pathway have been identified, including those that target the membrane receptor complex, those that stabilize the DC, and those that interfere with activated β-catenin ([@B20]). The recombinant proteins DKK-1 and WIF-1 and the small-molecule inhibitor Dvl-PDZ domain inhibitor II (Dvl-PDZ II) block signaling from the Wnt receptor complex to the DC, and so the DC remains intact and β-catenin is degraded. DKK-1 functions as an antagonist of canonical Wnt signaling by binding to coreceptors LRP5 and -6, preventing interaction of LRP5 and -6 with Wnt-FZD complexes. WIF-1 is a secreted protein that binds to Wnt ligands and inhibits their activity, while Dvl-PDZ II is a compound that targets the PDZ domain of Dvl to disrupt the interaction of Dvl with the FZD receptor, preventing sequestration of axin ([@B45]). Shown in [Fig. 4A](#F4){ref-type="fig"}, treatment of HeLa cells with increasing concentrations of DKK-1, WIF-1, and Dvl-PDZ II was unable to reduce infection of RVFV MP12-GFP, VacV, or VSV. Similar results were seen in A549 cells (data not shown).

![Inhibitors that block Wnt signaling downstream of the membrane receptor complex inhibit RVFV infection. (A to C) HeLa cells were pretreated with indicated inhibitors for 1 h. BAF (100 nM) was used as a control for inhibition of RVFV infection. The inhibitors were also present during 3 h of incubation with GFP reporter viruses (MOI of 1) and during overnight incubation. (D) Primary human hepatocytes were pretreated with no inhibitor/50 μM DMSO, 5 μM FH535, 50 μM Dvl-PDZ II, 300 ng/ml DKK-1, 500 ng/ml WIF, or 10 μM Wnt XII, iCRT-14, JW67, Endo-IWR-1, or Exo-IWR-1 for 1 h prior to and during 3 h of infection with RVFV-GFP (MOI of 1) and during overnight incubation. The percentage of infection was determined by taking untreated (NI) or DMSO-treated and infected samples as 100% infected (0 μM). Three independent experiments were performed in triplicate. Data are presented as means ± SDs (\*\*, *P* \< 0.01; \*, *P* \< 0.05). (E) HeLa cells were preincubated for 1 h with 50 μM DMSO (blue), Dvl-PDZ II (dark gray), JW67 (medium gray), or iCRT-14 (light gray) followed by infection with RVFV MP12 or WT RVFV at an MOI of 0.1. The inhibitors were also present during the infection. Supernatants were collected at 36 hpi, and viral titers were measured by plaque assay on Vero cells. Data are presented as means ± SDs (*n* = 3) (\*\*\*\*, *P* \< 0.0001; \*\*\*, *P* \< 0.001; \*\*, *P* \< 0.01). (F and G) 293T cells were preincubated for 1 h with 100 nM BAF, 5 μM FH535, 10 μM Wnt XII, 10 μM iCRT-14, 10 μM JW67, 10 μM Endo-IWR, 10 μM Exo-IWR, 50 μM Dvl-PDZ, 300 μg/ml DKK-1, or 500 μg/ml WIF-1. The cells were then infected with RVFV MP12 or RVFV MP12-GFP at an MOI of 3 for 16 h in the presence of inhibitors. Infection was measured by flow cytometry using anti-RVFV polyclonal antibodies or GFP expression for RVFV MP12-GFP. Shown are the means (±standard deviations) from four independent experiments for each cell type (\*\*, *P* \< 0.01; \*, *P* \< 0.05). (G) Red histograms represent uninfected 293T cells that were left untreated or were treated with DMSO; black histograms represent RVFV MP12-infected 293T cells treated with the indicated inhibitors. The data shown are representative results from four similar experiments.](zjv9991818220004){#F4}

To determine the role of the DC in RVFV infection, cells were treated with Endo-IWR-1, Exo-IWR-1, and JW67. The tankyrase inhibitors JW67 and Endo-IWR-1 prevent ADP-ribosylation-dependent axin degradation, resulting in stabilization of the DC and phosphorylation of β-catenin. Exo-IWR-1 is an inactive stereoisomer of Endo-IWR-1. Treatment of cells with these inhibitors reduced RVFV MP12-GFP infection in a dose-dependent manner, with a greater than 50% decrease in RVFV MP12-GFP infection ([Fig. 4B](#F4){ref-type="fig"}). As expected, Exo-IWR-1 treatment did not inhibit RVFV MP12-GFP, and none of the inhibitors that stabilize the DC affected VacV or VSV infection, indicating the specificity of Endo-IWR-1 and JW67. Additionally, small-molecule inhibitors that interfere with the interaction of β-catenin with TCF/LEF transcription factors (FH535, Wnt pathway inhibitor XII \[Wnt XII\], and iCRT-14) reduced RVFV MP12-GFP infection but did not diminish VacV or VSV infections in HeLa cells ([Fig. 4C](#F4){ref-type="fig"}) and A549 cells (data not shown). The same Wnt signaling inhibitors that blocked infection in cell lines also reduced RVFV MP12-GFP infection in *in vivo* relevant primary hepatocytes ([Fig. 4D](#F4){ref-type="fig"}).

Using the fluorescence-based plate reader assay that measures GFP fluorescence and cell viability, we were able to control for the specificity and efficacy of the small-molecule inhibitors by including VacV and VSV infection to exclude nonspecific effects. To look more directly at the effect of the Wnt inhibitors on viral growth, we measured viral titers of both wild-type RVFV and RVFV MP12 in the presence of inhibitors. When HeLa cells were treated with the Wnt inhibitors iCRT-14 and JW67, there was a significant decrease in RVFV MP12 and wild-type RVFV viral titers as measured by plaque assay ([Fig. 4E](#F4){ref-type="fig"}). However, no change in viral titer was observed when cells were treated with the Wnt receptor antagonist Dvl-PDZ II (dark gray bar), as was observed with RVFV MP12-GFP. Similar observations were made when flow cytometry was used to measure the percentage of inhibitor-treated cells infected with RVFV MP12 or RVFV MP12-GFP. Inhibitors that block Wnt signaling upstream of the DC had no effect on infection in 293T cells ([Fig. 4F](#F4){ref-type="fig"} and [G](#F4){ref-type="fig"}), while inhibitors that stabilize the DC or antagonize β-catenin interactions with transcription factors significantly reduced the percentage of 293T cells ([Fig. 4F](#F4){ref-type="fig"} and [G](#F4){ref-type="fig"}) infected with RVFV MP12 or RVFV MP12-GFP.

To validate the efficacy and specificity of these Wnt membrane complex inhibitors at the concentrations used to characterize infection, DKK-1, WIF-1, and Dvl-PDZ II were used to treat 293T cells transfected with TF and stimulated with Wnt3A for 20 h (gray bars) or RVFV MP12 for 5 h (blue bars) ([Fig. 5A](#F5){ref-type="fig"}). Treatment of 293T cells with these inhibitors resulted in a dose-dependent reduction of Wnt3A-induced β-catenin Luc reporter expression. Wnt membrane complex inhibitors had no effect on RVFV MP12-induced β-catenin transcriptional activity ([Fig. 5A](#F5){ref-type="fig"}). In contrast, Wnt inhibitors that stabilize the DC (Endo-IWR-1 and JW67) and that interfere with the interaction of β-catenin with TCF/LEF transcription factors (Wnt XII and iCRT-14) inhibited RVFV MP12-induced and Wnt3A-induced β-catenin reporter activity in 293T cells in a dose-dependent manner ([Fig. 5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). The dose-dependent decrease in RVFV MP12-induced β-catenin reporter activity observed with these inhibitors correlates with their effect on RVFV replication, suggesting that the effect of these inhibitors on infection is specific to inhibition of Wnt/β-catenin signaling. These data indicate that the mechanism of RVFV-induced activation is downstream of the Wnt receptor complex but can be blocked by inhibitors that stabilize the DC and/or inhibitors that interfere with β-catenin-dependent transcriptional activation. Interestingly, bafilomycin A (BAF), an inhibitor of pH-dependent endocytosis, blocked RVFV MP12-induced β-catenin reporter activity, suggesting that RVFV-mediated induction occurs after virus entry ([Fig. 5C](#F5){ref-type="fig"}).

![RVFV-induced β-catenin transcriptional activity is blocked by inhibitors that act downstream of the membrane receptor complex. 293T cells were transfected with TF and pcDNA3.1-GFP. At 18 hpt, cells were treated with the indicated inhibitors for 1 h. The inhibitors were also present during the 4.5 h of incubation with RVFV MP12 (MOI of 3) or 20 h of incubation with Wnt3A (100 ng/ml). Luciferase activity was measured and normalized to GFP expression, and relative luciferase activity was determined by taking untreated (NI) or DMSO-treated and infected samples as 100%. Three independent experiments were performed in triplicate. Data are presented as means ± SDs.](zjv9991818220005){#F5}

To determine what stage of RVFV infection is dependent on Wnt/β-catenin signaling, we performed time-of-addition experiments. In our previous studies, we found that binding and entry of RVFV MP12-GFP took approximately 1 h in HeLa cells because treatment with inhibitors of endosomal acidification such as ammonium chloride (NH~4~Cl) at 1 hpi no longer blocked infection ([@B11], [@B46], [@B47]). Therefore, agents that target a postentry stage should still inhibit infection when treatments are added 1 hpi. Those inhibitors that stabilize the DC (Endo-IWR-1 and JW67) and those that interfere with activated β-catenin (FH535, Wnt XII, and iCRT-14) were shown to significantly inhibit RVFV MP12-GFP infection in HeLa cells ([Fig. 6A](#F6){ref-type="fig"}) or A549 cells ([Fig. 6B](#F6){ref-type="fig"}) when they were added 1 hpi and were present during the entire infection cycle. These inhibitors had little to no effect on infection when they were present 1 h prior to and during initial infection but were removed after 3 h. As expected, inhibitors that antagonize the Wnt membrane receptor complex (DKK-1, WIF-1, and Dvl-PDZ II) and the control Exo-IWR-1 had no effect on RVFV MP12-GFP infection when cells were either pretreated or treated 1 hpi. In all, these data demonstrate that inhibitors that block Wnt signaling downstream of the membrane receptor complex inhibit RVFV infection at a postentry step.

![Wnt signaling inhibitors block RVFV infection at a postentry step. HeLa cells (A) or A549 cells (B) were pretreated with no inhibitor (NI)/50 μM DMSO, 50 mM NH~4~Cl, 5 μM FH535, 50 μM Dvl-PDZ II, 300 ng/ml DKK-1, 500 ng/ml WIF, or 10 μM Wnt XII, iCRT-14, JW67, Endo-IWR-1, or Exo-IWR-1 for 1 h prior to and during the 3-h infection with RVFV MP12-GFP (MOI of 1). Inhibitors were removed after the 3 h of incubation, and cells were incubated in complete medium alone overnight (pretreatment, dark gray bars). For the posttreatment condition, untreated cells were incubated with RVFV MP12-GFP (MOI of 1) for 1 h, washed with PBS to remove unbound virus, and then incubated with inhibitors in complete medium overnight (light gray bars). The percentage of infection was determined by taking NI/DMSO-treated and infected samples as 100% infected. Three independent experiments were performed in triplicate. Data are presented as means ± SDs (\*\*, *P* \< 0.01; \*, *P* \< 0.05).](zjv9991818220006){#F6}

Distantly related bunyaviruses induce Wnt/β-catenin signaling upon infection and are impeded by Wnt signaling inhibitors. {#sec3-4}
-------------------------------------------------------------------------------------------------------------------------

Although RVFV, VSV, and VacV all replicate in the cytoplasm, they do so through distinct mechanisms. Hallmark features of virus replication are typically conserved within virus families. To examine whether distantly related bunyaviruses also induce Wnt/β-catenin signaling upon infection, we performed β-catenin Luc reporter experiments in 293T cells transiently transfected with TF for 18 h and subsequently infected with California encephalitis virus (CEV) and La Crosse virus (LCV). In [Fig. 7A](#F7){ref-type="fig"}, infections with CEV and LCV were shown to promote β-catenin reporter activation across a range of infectious doses to levels comparable to those in RVFV MP12-infected cells, while VSV and VacV infections did not induce Wnt/β-catenin signaling. Furthermore, inhibitors of Wnt/β-catenin signaling that reduced RVFV MP12-GFP, RVFV MP12, and wild-type RVFV infection ([Fig. 4](#F4){ref-type="fig"}) also reduced CEV and LCV infections as measured by plaque assay in HeLa cells ([Fig. 7B](#F7){ref-type="fig"} and [C](#F7){ref-type="fig"}). More than a 50% reduction in CEV and LCV infections was exhibited when HeLa cells were treated with 50 μM JW67 or iCRT-14, whereas treatment of cells with 50 μM Dvl-PDZ II had no effect on viral titers, replicating what is seen with RVFV. These results indicate a conserved bunyaviral replication mechanism involving Wnt signaling.

![Distantly related bunyaviruses induce Wnt/β-catenin signaling upon infection and are impeded by Wnt signaling inhibitors. (A) 293T cells were transfected with TF and pcDNA3.1-GFP or pcDNA3.1-mKate reporter plasmids and then infected with viruses (RVFV MP12, LCV, CEV, VacV, or VSV) at indicated MOIs. After 5 h, luciferase activity was measured and normalized to expression of GFP (RVFV MP12, LCV, and CEV) or mKate (VacV and VSV), and fold activation was calculated by dividing the relative luciferase activity of treated/infected cells by that of untreated cells. Three independent experiments were performed in triplicate. Data are presented as means ± SDs. Representative results are shown. (B and C) HeLa cells were preincubated for 1 h with 50 μM DMSO, Dvl-PDZ II, JW67, or iCRT-14 followed by infection with CEV (B) or LCV (C) at an MOI of 0.1. The inhibitors were also present during the infection. Supernatants were collected at the indicated time points, and viral titers were measured by plaque assay on Vero cells. Data are presented as means ± SDs (*n* = 3) (\*\*\*\*, *P* \< 0.0001; \*\*\*, *P* \< 0.001; \*\*, *P* \< 0.01; \*, *P* \< 0.05).](zjv9991818220007){#F7}

DISCUSSION {#sec4}
==========

High-throughput genome-wide RNAi is a powerful tool for functional genomics with the capacity to comprehensively analyze host-pathogen interactions ([@B48], [@B49]). The promise of this systems approach is not only to gain a better understanding of virus-host interactions but also for the discovery of new therapeutic targets. Although this technology is not without inherent problems and pitfalls such as off-target effects and insufficient knockdown, which may lead to false positives/negative results, the analysis of the gene list as ranked functional clusters has been a successful method in gaining reproducibility between screens and providing direction for detailed cell biology investigations ([@B50], [@B51]). Therefore, to support the value of our final gene hit list, we validated our RNAi screening results through a thorough examination of the top-ranking cellular pathways analyzed by various bioinformatics methods, instead of the validation of individual gene hits. We used a panoply of Wnt/β-catenin signaling activation assays to demonstrate that RVFV activates the canonical Wnt signaling pathway. We demonstrated that RVFV infection activated Wnt signaling in multiple cell types optimally at 5 hpi using a β-catenin reporter assay, RVFV infection (MOI of 1 or 3) increased the level of active β-catenin protein by ∼3-fold compared to mock-infected controls ([Fig. 3C](#F3){ref-type="fig"}), and RVFV infection increased mRNA expression of Wnt/β-catenin-responsive genes such as cyclin D1 by ∼2-fold compared to controls ([Fig. 3D](#F3){ref-type="fig"}). Using cellular perturbation assays, we showed that RNAi-induced silencing of β-catenin expression reduced RVFV infection in multiple cell types ([Fig. 2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}) and chemical inhibition of Wnt signaling at or downstream of the DC reduced RVFV infection at a postentry step ([Fig. 4](#F4){ref-type="fig"} and [6](#F6){ref-type="fig"}). Our data demonstrating that diverse bunyaviruses induced β-catenin reporter activity and required activation of Wnt/β-catenin for productive infection suggest that activation of canonical Wnt signaling impacts replication of bunyaviruses as a family ([Fig. 4](#F4){ref-type="fig"} and [7](#F7){ref-type="fig"}).

Wnt/β-catenin signaling controls many aspects of cell behavior throughout development and in adults. One of its best-known and cancer-relevant functions is to stimulate cell proliferation. A growing body of work suggests that the cell cycle and Wnt signaling are directly linked ([@B52]). Interestingly, a recent study ([@B12]) revealed a preference for particular stages of the cell cycle for RVFV replication, as cells arrested in late S/early G~2~ phase, but not at G~1~ phase, enhanced RVFV replication. While it has not been previously reported that RVFV infection can influence shifts to preferred cell cycle stages, the Hopkins et al. study indicated that certain cell cycle stages are particularly abundant in host mRNAs available to prime bunyaviral gene transcription through a cap-snatching mechanism ([@B12], [@B53]). Bunyaviruses and other segmented negative-stranded RNA viruses (arenaviruses and orthomyxoviruses) cleave off the 5′ end of cellular mRNAs that includes the 5′ 7mG cap and 10 to 18 nucleotides of host mRNAs and use this fragment as a primer for viral mRNA synthesis ([@B53]). When the 5′ ends of RVFV mRNAs were sequenced, it was demonstrated that RVFV selectively snatches cell cycle-related cellular mRNAs ([@B53]). Linking these studies together with our results, it is possible that bunyaviruses activate the Wnt signaling pathway in order to induce both cell cycle shifts and abundant endogenous pools of cell cycle-related mRNAs available for priming bunyaviral gene transcription ([Fig. 8](#F8){ref-type="fig"}). It is also interesting that cell cycle- and cyclin-related genes were among the top functional clusters identified using bioinformatics analysis of our genome-wide RNAi screening results (see Table S1 in the supplemental material). This proposed mechanism also might help explain the negative results that we found with VacV and VSV. Like many other DNA and RNA viruses that replicate in the cytoplasm, VacV and VSV both encode their own capping enzymes and therefore do not need to increase the pool of host mRNAs available for cap snatching.

![Model of bunyavirus-induced Wnt/β-catenin signaling. (Right) In the OFF state, β-catenin is sequentially phosphorylated by the destruction complex (DC) and targeted for degradation. (Left) When the DC is disrupted by regulation of the scaffolding protein axin (via recruitment to the plasma membrane by Dvl after Wnt ligand-triggered signaling or by tankyrase-mediated ADP-ribosylation of axin, resulting in its ubiquitination and degradation), the signaling pathway is in the ON state. In the ON state, β-catenin accumulates in the cytoplasm and translocates to the nucleus, where it causes activation of TCF/LEF transcription factor and subsequent transcription of β-catenin-responsive genes: cyclin D1, c-Jun, and c-Myc. Results from this study with inhibitors that target different stages of the Wnt/β-catenin signaling pathway suggest that RVFV and other bunyaviruses may induce Wnt signaling by circumventing the Wnt membrane receptor complex after virus entry, during replication (shown with dashed green line, representing proposed mechanism of virus induction of the ON state; inhibitors that decreased RVFV infection are shown in red). This leads to activation of TCF/LEF-dependent Wnt/β-catenin transcription. Bunyaviral replication is dependent on a cap-snatching mechanism where host-derived 5′ ends of mRNAs are used to prime viral gene transcription. Previous studies indicate that host-derived 5′ ends on bunyaviral mRNAs contain mostly sequences related to cell cycle genes. Wnt/β-catenin signaling may therefore be induced during viral replication in order to provide pools of mRNAs, particularly cell cycle genes, including cyclin D1, necessary for viral gene transcription initiation by cap snatching (dashed black line to represent hypothesis). Red lines in the figure represent conditions that result in the OFF state (no stimulation, stabilized DC, and inhibitor treatment), and green lines represent conditions that result in the ON state of Wnt/β-catenin signaling (tankyrase activity and virus-mediated induction). For the purposes of clarity, Wnt ligand-mediated activation of canonical Wnt signaling is not depicted in this figure.](zjv9991818220008){#F8}

It has been demonstrated that viral proteins can regulate Wnt/β-catenin signaling through direct and indirect interactions with mediators of the Wnt pathway. The HCV core protein activates Wnt/β-catenin signaling at the level of the receptor complex since a soluble FZD molecule blocks core-stimulated cell growth ([@B31]). KSHV-encoded latency-associated nuclear antigen (LANA) prevents β-catenin phosphorylation and degradation by interacting with the DC kinase GSK-3 in the nucleus and preventing its export to the cytoplasm ([@B54]). The HBV viral regulatory protein HBx suppresses GSK-3 activity via the activation of Src kinase ([@B26]). Our results with RVFV MP12-mediated activation of Wnt/β-catenin signaling, as measured by the β-catenin reporter assay and upregulation of mRNA expression of Wnt/β-catenin-responsive genes, showed that activation occurs early in infection (4 to 6 hpi) and is essentially turned off by 8 hpi (data not shown). Since the RVFV nucleoprotein (N) is the most abundant viral protein early in cell infection and is involved in gene transcription, genome replication, cap snatching, and translation ([@B55][@B56][@B57]), we hypothesize that it may be a determinant of Wnt/β-catenin signaling activation during infection. In addition, the amino acid sequence of N is identical between RVFV MP12, RVFV MP12-GFP, and wild-type RVFV, whereas the other viral protein transcribed early (during primary transcription) in infection, NSs, is not expressed in RVFV MP12-GFP, which was fully functional in Wnt/β-catenin signaling activation. Moreover, a recent study reported that the RVFV ZH-548 ΔNSs strain induced significant upregulation of mRNA expression of genes related to the Wnt/β-catenin signaling pathway, whereas at 8 hpi the authors did not observe the same upregulation with wild-type RVFV ZH-548 ([@B58]). Based on our results with RVFV MP12-GFP, RVFV MP12, and wild-type RVFV as well as the findings in the work of Marcato et al. ([@B58]), it is likely that NSs is not required for Wnt/β-catenin signaling activation but is responsible for repressing this signal at 8 hpi, as a result of general transcriptional shutoff ([@B59]). While we found that inhibitors downstream of the Wnt membrane receptor complex reduce RVFV infection, we cannot distinguish between direct and indirect mechanisms of Wnt activation. RVFV-mediated activation of β-catenin seems to occur downstream of receptor activation but is blocked by stabilization of the DC scaffolding protein. Besides binding to other viral proteins, RVFV N also binds to the 5′ ends of host mRNAs to initiate cap snatching, and RVFV N localizes to processing (P) bodies where cellular RNA degradation machinery is compartmentalized. Further studies should resolve whether RVFV N binding events in P bodies, where cap snatching is thought to occur, or prior virus-host interaction events in regions where Wnt signaling components are localized are the trigger for Wnt signaling activation.

Large-scale RNAi screening is a promising tool for comprehensive analysis of virus-host interactions and therapeutic target identification. To the latter point, several preclinical therapeutic agents specifically targeting the Wnt pathway have been described, and some have entered clinical trials for the treatment of a variety of cancers. PRI-724 from Prism Pharma disrupts the interaction between β-catenin and CREB-binding protein and is being studied for the treatment of solid tumors and myeloid malignancies in phase I/II clinical trials ([@B60]). Another cancer drug, called OMP-54F28 (FZD8-Fc), is an antagonist of the Wnt pathway, and results from a phase I trials were recently described ([@B61]). Preclinical studies with tankyrase inhibitors JW55 (Tocris Bioscience) and XAV939 (Novartis Pharmaceuticals) demonstrated efficacy in cellular models of cancer survival ([@B62]). In our study, the tankyrase inhibitors Endo-IWR-1 and JW67 inhibited RVFV MP12-GFP infection by greater than 50% in RVFV disease-relevant primary human hepatocytes ([Fig. 4D](#F4){ref-type="fig"}), and JW67 significantly reduced infection of cells with wild-type RVFV, LCV, and CEV. As current and new Wnt inhibitors begin to move through safety trials, there is potential for one of these to be FDA approved, opening the door for an alternative use as an anti-RVFV therapeutic.

In all, we identified a role for canonical Wnt/β-catenin signaling during infection with diverse bunyaviruses. These studies supplement our knowledge of the fundamental mechanisms of bunyavirus gene transcription and replication and provide new avenues for countermeasure development against pathogenic bunyaviruses. We also provide the list of genome-wide RNAi screening results in order to supplement current databases of other viral RNAi screening results and to provide future direction for detailed pathway investigation from other top-ranked functional clusters not characterized in this report.
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